Introduction 26
GGBS is a by-product from iron manufacture. The molten iron slag from the blast 27 furnace is quenched with water or steam to produce a glassy and granular material, 28 which is grounded to a fine powder to produce GGBS. The material has almost the 29 same fineness and specific surface area as Portland cement [1] . The material is glassy 30 in nature and latently hydraulic [2] , and its use in mortar and concrete has been 31 specified by various standards [3, 4] . However, the nature of the ore, composition of 32 the limestone flux, coke consumption and the type of iron being made are factors which 33 affect the chemical composition of GGBS [5] . 34
The hydraulicity of GGBS depends mainly on its chemical composition, glass content, 35 particle fineness, alkalinity of the reacting system and temperature at the early stages 36 of hydration [6] . The hydraulicity increases with the particle fineness [7] and the glass 37 content. Typical glass content of GGBS vary between 85 and 90% [8] . BS EN 197-38 1:2011 [9] specifies that at least two-third of the mass of the slag must be glassy, 39 although research data show that slag samples with as little as 30-65% glass contents 40 are still suitable [10] . 41 The oxides of calcium, magnesium and aluminium are known to increase the 42 hydraulicity of GGBS, while those of silicon and manganese decrease it [11] . MgO has 43 the same influence as CaO up to about 11% by weight [5] . Increasing the Al2O3 content 44 to 13% and above will result in an increase in early strength and a decrease in the 45 later strength [12] . Wang et al. [13] observed a positive correlation between the Al2O3 46 content and the reactivity of the slags, for slags having a CaO content greater than 47 37%. In another study by Ben Haha et al. [11, 14] , it was observed that the reactivity 48 of the slags increased with the magnesia content. As they increased the alumina 49 content, the reactivity of the slags was reduced at early ages, but became similar atlater ages beyond 28 days. However, of the three slags they studied, the CaO content 51 of the two high alumina slag was less than 37%. For other oxides like P2O5, the 52 influence depends on the clinker type and test age, but generally has a positive 53 influence beyond 28 days of curing. Oxides of tin and iron, as well as sulphur, seem 54 not to have any effect [5] . 55
Ratios of these oxides have been used by various standards to assess the hydraulicity 56 of a slag. For example, EN 197-1:2011 prescribes that for GGBS, the (CaO + 57 MgO)/SiO2 ratio by mass must exceed 1 [9] . Several workers [5, 10, 15] , have also 58 suggested other oxide ratios, some of which have been shown in Table 4 . However, 59
previous studies [10, [15] [16] [17] have shown that these ratios do not necessarily give 60 accurate prediction of a slag's performance. More so, it becomes more complex when 61 other factors like changes in temperature are considered. 62
The contribution of GGBS to the heat of hydration increases with temperature, due to 63 the accelerating effect of temperature on slag reactivity [18] [19] [20] [21] , and as a result has 64 been reported to be very beneficial for use in hot weather concreting [5] . For example, 65
Wu et al. [20] studied the influence of temperature on the early stage hydration of PC 66 slag blends using isothermal calorimetry and chemical shrinkage. They used three 67 different PC slag blends comprising of 40, 50 and 65% of slag. All three blends were 68 hydrated at temperatures of 15, 27, 38 and 60°C. They observed th at the slag reacted 69 more slowly than the PC component at 15°C and at an accelerated rat e at 70 temperatures above 27°C. Substantial portions of the slag had reacted within the firs t 71 24 hours at temperatures of 27°C and above. Similar findings were also re ported by 72 others [22] [23] [24] [25] [26] [27] . 73
In all these studies, the issue of how changes in temperature affect the hydration 74 process of slags of different chemical compositions was not fully explored. This will be 75 of importance due to the widespread use of GGBS as a cementitious material in 76 tropical climatic regions. This paper looks at how variation in chemical composition of 77 slag coupled with a change in temperature will affect the hydration process of slag 78 blended cements, and how this relates to the microstructure and subsequent transport 79
properties. 80
Experimental programme 81

Materials 82
Two slags were combined with a CEM I 52.5 R at 30% replacement level to produce 83 slag blends designated as S1 and S2 respectively. Both slags had similar physical 84 properties, with different chemical compositions (notably the alumina and silica 85 contents). The oxide and phase composition of the as-received slags and cement 86 are shown in Table 1 and Table 2 respectively. The X-ray diffraction showing the 87 amorphous and crystalline phases and the particle size distribution of the slags are 88 shown in Fig. 1 
Reactivity of the slags 106
The basicity and activity indices shown in Table 4 
Details of mixes and curing conditions 115
The composite cements were prepared by blending the slags and the CEM I 52.5 R in 116 a laboratory ball mill using plastic charges. Two blends were used for this study, each 117 containing 30% slag and 70% CEM I 52.5 R, and designated S1 and S2 for slag 1 and 118 slag 2 respectively. A water/binder ratio (w/b) of 0.5 was used for all mixes. Mortar 119 samples were prepared from the blends in accordance to EN196-1:2005 [29] . Mortar 120 prisms of 40 x 40 x 160 mm were used for compressive strength tests, while 50 mm 121 mortar cubes were used for sorptivity tests. Cement paste samples were also prepared 122 from the blends using the same w/b ratio of 0.5. These were used for the isothermal 123 calorimetry, thermal analysis, and XRD and SEM studies. day, after which they were demoulded and cured under water at 20°C. 128
For samples cured at 38°C, the starting materials and moulds were preconditioned in 129 an oven at 38°C overnight. Mixing and casting was done at normal la boratory 130 conditions. After casting, the moulds were covered with thin polythene sheets and 131 immediately transferred to a pre-heated oven at 38°C. Samples were demoulded after 132 1 day and subsequently cured under water in water baths maintained at 38°C. 133
Test methods 134
Isothermal calorimetry 135
The heat flow generated during hydration was measured for cement pastes using a 136 At 20°C there was no significant difference in the UCS of the two slag blends, 217 especially at later ages, whereas at 38°C, there was a clear distinction; with slag 1, 218 the more basic slag, performing better than slag 2 at all ages. This implies that at the 219 early ages, the difference in chemical composition of the slags had a greater influence 220 on the strength performance; whereas at the later ages beyond 90 days, curing 221 temperature had a greater influence on the strength performance of the slag blends.
As was shown in Table 4 , variously proposed basicity indices would predict higher 223 strengths for the more basic slag. However, this was not so, especially at the lower 224 temperature of 20°C. This reinforces previous findings that basicity indices are not 225 always a good predictor of performance [15, 16, 41] . On the other hand, in agreement 226 with the study by Otieno et al [42] , the strength performance at 20°C was seen to tall y 227 with the prediction of the activity index, which indicated that slag 1 would have better 228 early age strength performance than slag 2, but similar later age strength performance. 229
However, at the higher temperature of 38°C, the prediction of the basicity ind ices was 230 seen to tally with the strength performance of the slag blends. 20°C compared to after about 7 hours at 38°C. Peaks II and III we re almost coincident 267 at 20°C; whereas at 38°C, while both peaks appeared sooner, they also sharpened, 268 such that there was a clear distinction between both peaks. The reason for this is 269 because at higher temperatures, there is an increased quantity of C-S-H due to the 270 increased rate of hydration. Also, with increasing temperature there is an increase in 271 the amount of sulphate ions reversibly bound to the C-S-H phase, such that fewer 272 sulphates are available to react and form AFt [46] [47] [48] . This was clearly reflected in 273
Error! Reference source not found.b, where the intensity of peak III was much lower 274 than that of peak II; whereas in Error! Reference source not found.a, both peaks 275 had similar intensities. The formation of the AFm phases, which is represented by peak 276 IV [45] , was visible at 20°C, but not at 38°C. This indicates that at the hig her 277 temperature, the AFt to AFm conversion occurred very early on such that peak IV was 278 hidden underneath peaks II and III. This can be attributed to the accelerating effect oftemperature on the early stages of hydration [46, 49] , and explains the reason for the 280 initial higher strengths observed at 38°C in Fig. 3 . 281
From Table 5 , it can be seen that the maximum peak heat flow (qmax) measured for 282 the slag blends at 38°C was about three-times that measured at 20°C, and the time 283 taken to reach qmax at 38°C was about one-third of that at 20°C. Previous studies [ 18-284 21] have reported that at higher temperatures, GGBS contributes more to the total 285 heat of hydration than at lower temperatures. Indeed, from Error! Reference source 286 not found.a and Error! Reference source not found.b, it can be seen that the 287 contribution to the total heat from the hydration of the slags was far greater at 38°C 288 than at 20°C. This explains the shorter times taken to reach q max at 38°C, and indicates 289 that at 38°C the slags reacted more rapidly and contributed to the heat released in the 290 system. However, despite the increased slag hydration at 38°C, this was not clearly 291 reflected on the overall total heat evolved by the slag blends at 38°C, as seen at the 292 later stages (at about 720 hrs) in Error! Reference source not found.c and Error! 293
Reference source not found.d. This is because the total heat evolved by the neat 294 CEM I at about 720 hrs, is greater at 20°C than at 38°C, thus masking the increased 295 contribution from the slag hydration at the higher temperature. This would explain why 296 towards the later stages of the measurement, the total heat evolved from each slag 297 blend was almost independent of temperatures. This indicates that high temperature 298 favours the reactivity of slags more than that of clinker and is in agreement with 299 previous findings [22, 27, 50]. Although it can be seen that the higher temperature 300 accelerated the hydration of slag 1 more than slag 2. Both heat flow and total heat evolution was greater for S1 (the more-basic, high 305 alumina slag blend) than for S2 at both temperatures, and is in agreement with 306 previous findings [51, 52] . Furthermore, the total heat evolved by S1 compared to S2, 307 was far more at 38°C than it was at 20°C. This can be seen clearl y by comparing 308
Error! Reference source not found.a and Error! Reference source not found.b. 309
At both temperatures, the qmax of S1 was higher than that of S2. Since the level of 310 replacement was the same for both mixes, the higher values of qmax obtained for S1 311
indicates that slag 1 had a higher degree and rate of hydration. This correlates with 312 the compressive strength results shown in Fig. 3 . The reason for this can be attributed 313 to the lower activation energy of the slag 1 blend (discussed in the next section), which 314 is a consequence of its chemical composition. Richardson et al. [19] observed for slag 315 blends that the reaction of the silicates and aluminates were accelerated at higher 316 temperatures. Since slag 1 has a higher alumina content than slag 2 (as seen in Table  317 1), the higher temperature would accelerate its reaction more than that of slag 2. energy of the slag 1 blend is slightly lower than that of the slag 2 blend, explaining why 327 the accelerating effect of temperature was more pronounced on the slag 1 blend than 328 the slag 2 blend. 329
XRD analysis 330
XRD analysis was carried out to examine the influence of temperature on hydration 331 and phase assemblage. Fig. 6 shows a section of the XRD patterns obtained from 332 both slag blends after hydration at 20 and 38 o C for 1, 7 and 28 days. As observed by 333 calorimetry, the high temperature accelerated the early hydration of the clinker phases. 334 After 1 day there was no trace of C3A in the samples cured at 38°C and the peaks of 335 C3S and C2S were much less intense than those from the samples cured at 20°C. At 336 later ages of 7 and 28 days, the C3S and C2S peaks were of similar intensities at both 337 temperatures. Also Fig. 6 indicated that, at both temperatures, the blends containing 338 slag 1 contained less portlandite than those containing slag 2, thus implying that slag 339 1 had reacted more than slag 2. This is in line with the results of the isothermal 340 calorimetry shown in Error! Reference source not found., and will be discussed 341 further in 3.2.7. 342 for all the mixes at 20 and 38°C. Ettringite (E), which is the main AFt p hase had less 347 intense reflections at the higher temperature for all the samples, as was observed by 348 Lothenbach et al. [50] . This is because higher temperatures accelerate the conversion 349 of AFt to AFm [46] [47] [48] . Overall, in terms of the hydration products formed in both slag blends, the reflections 383 due to Ms were slightly less intense for S1 than for S2, but the reflections due to Ht 384 and Mc were more prominent for S1 than for S2 at both temperatures, but especially 385 at the higher temperature. This reflects the higher degree of hydration of slag 1 than 386 slag 2 at 38°C, and possibly also the higher aluminium content of slag 1. It also 387 correlates with the calorimetry and compressive strength results shown in Error! 388
Reference source not found. and Fig. 3 respectively.  389 3.2.6 BSE-SEM image analysis 390 Table 6 shows the degree of slag hydration, as determined by BSE-SEM image 391 analysis, of 7 and 28 day old paste samples cured at 20 and 38°C. The results followed 392 the same trend as the calorimetry and XRD (Error! Reference source not found. 393
and Fig. 6) , where it was seen that the higher temperature increased the rate of slag 394 hydration. The higher temperature resulted in an increase in the degree of slag 395 hydration, especially at early age. At 7 days, the degree of hydration of slag 1 and slag 396 2 at 38°C was greater than that of 20°C by about 14 and 11 percen tage points 397 respectively. By 28 days, this difference had fallen to about 8 and 5 percentage points 398 for slag 1 and slag 2 respectively. 399
In terms of the impact of the chemical composition of the slags, the more reactive slag 400 At 20°C, the degree of hydration of slag 1 was about 8 and 11 percent age points higher 402 than that of slag 2 at 7 and 28 days respectively; while at 38°C, this became about 11 403 and 13 percentage points at 7 and 28 days respectively. At 38°C, as th e curing 404 duration was increased from 7 to 28 days, the degree of hydration of slag 1 was 405 increased by about 9 percentage points compared to about 6 percentage points for 406 slag 2. This indicates that slag 1 responded more to the higher temperature, as was 407 previously observed by calorimetry and XRD. 408 Thermal gravimetric analysis was performed to follow the development of portlandite 412 and bound water contents over a period of 6 months. These are shown in Fig. 9 and 413 For both blends, the portlandite content measured after 1 day at 38°C was significantly 417 higher than that measured at 20°C. This reflects the accelerated initial hydration o f the 418 clinker at high temperature, as also observed by calorimetry and XRD. The portlandite 419 content of the blends rose initially then decreased steadily over time due to its 420 consumption during slag hydration [17, 26, 56] . This supports previous observations 421 that slag hydration is gradual and continues for long periods [32, 33, 57] . After 7 days 422 and beyond, the portlandite contents were lower following curing at higher 423 temperatures than at lower temperatures, reflecting the greater degree of slag 424 hydration. S1 had lower portlandite contents than S2 at both temperatures, with the 425 difference being much higher at 38°C . This reflects the increased reactivity of slag 1 426 over slag 2 at the higher temperature as observed previously by calorimetry, XRD and 427 SEM, and explains the significant difference observed in the strength development of 428 these two blends at 38°C (as seen in Fig. 3) . 429 There was a steady increase in bound water content with time ( Fig. 10) , indicating an 432 increase in the overall degree of hydration. The bound water content was initially 433 higher for the samples cured at 38°C than those cured at 20°C, but was lower at later 434 ages. Furthermore, the bound water content of the samples cured at the higher 435 temperature did not increase much beyond 28 days. This can be attributed to the 436 impact of high temperature curing. High temperature curing results in a high initial rate 437 of hydration, retarding subsequent hydration [24, 40, 50] . It should be noted that the 438 bound water content at 38°C was not corrected for any changes in th e water content 439 of the hydrates as a function of temperature. Gallucci et al. [58] observed that the 440 bound water content of C-S-H was reduced by about 14.5% when the temperature 441 was increased from 5 to 60°C. If we take this into consideration at 38°C, and ignore 442 minor contributions to the bound water content due to CH and AFt, the degree of 443 hydration at the later ages would be similar at both temperatures, as was observed 444 when comparing the portlandite contents. The bound water content of S1 was higherthan that of S2 at both temperatures, indicating the increased reactivity of slag 1. Also, 446 it was observed that the difference between the bound water content of S1 and S2 447 blend was greater at 38°C than at 20°C, as was seen in the compressive strength, 448 calorimetry, and SEM results. 449 3.3 Pore structure 450 3.3.1 Determination of coarse capillary porosity 451 Fig. 11 and Fig. 12 shows selected BSE-SEM images obtained from samples cured 452 for 7 and 28 days. The samples cured at 38°C for 7 days had a lower apparent porosity 453 than the ones cured at 20°C . The reason for this can be attributed to the increased 454 reactivity of the slags at 38°C as discussed previously. Anguski da Luz and Hooton 455
[51] observed that paste samples made from super sulphated cements and cured for 456 7 days at higher temperatures had similarly lower porosities than ones cured at lower 457 temperatures. After 7 days (as shown in Table 6 ), the degree of slag hydration in the 458 samples cured at 38°C was about 53% for slag 1 and 42% for slag 2 , compared to 459 about 40% and 32% at 20°C. These additional hydration products at early stages will 460 have a pore blocking effect on the microstructure [8] . This reduced porosity at 7 days 461 observed for the slag blends at 38°C was reflected in the strength results (Fi g. 3) , 462 where the slag blends had greater early age strengths at 38°C than at 20°C. However, 463 on prolonged curing for 28 days, samples cured at 38°C had greater app arent 464 porosities than those cured at 20°C. The reason for this can also be linked to t he 465 reactivity of the slags at 38°C. From Table 6 The coarse porosities, as determined from the electron images, are shown in Table 7 . 478
At 7 days, the coarse porosity of the samples cured at 38°C was about 25% low er than 479 that of the 20°C samples but at 28 days this reversed and the coarse porosity became 480 about 35% higher. 481
Comparing the 2 slags, the blends prepared with slag 1 always showed a lower coarse 482 porosity than the equivalent blend prepared with slag 2. Furthermore, the difference in 483 performance between the 2 slags increased with increasing temperature. This 484 correlates with the previous results and further explains why samples prepared with 485 slag 1 had higher strengths than those prepared with slag 2. Table 8 shows the sorptivity of 28 and 90 day old samples which had been cured at 490 20 and 38°C. As was observed with coarse porosity, the sorptivities of blends prepared 491 with slag 1 were lower than those for slag 2 blends at both temperatures. This is due 492 to the greater degree of hydration and subsequent finer pore structure in the more 493 reactive slag blends [59] . The 90 day sorptivity was lower than the 28 day sorptivity 494 for both slag blends at both temperatures, thus indicating that the slags continued to 495 hydrate thereby resulting in the formation of a denser microstructure. At 20°C, t he 28 496 day sorptivity of S2 was about 60% higher than that of S1, but at 90 days this reduced 497 to about 35%. This highlights the impact of prolonged curing on the microstructural 498 development of the slag 2 blend and would explain why both slag blends had similar 499 later-age strengths at 20°C as seen in Fig. 3 . 500
Curing at elevated temperature resulted in a significant increase in sorptivity. At 28 501 days, the sorptivity of both slag blends was about 90% higher in the samples cured at 502 38°C compared to those cured at 20°C. After 90 days this difference increa sed to 503 about 160% and 200% for S1 and S2 respectively, indicating that the high temperature 504 curing was more detrimental to the microstructure of the less-reactive slag 2. This 505 supports the compressive strength results and explains the lower later-age strengthsobserved for the samples cured at 38°C, and the larger difference observed between 507 the compressive strengths of the slag blends cured at 38°C. 508 
Summary and conclusions 511
This study has examined the performance and microstructure of 30% replacement 512 slag cement blends, and looked at the combined influence of temperature and a 513 difference in slag chemical composition. High temperature curing was seen to increase 514 the early strength of all the mixes, but not the later strength. Beyond 28 days, there 515 was minimal strength increase at 38°C while the samples cured at 20°C continued to 516 gain strength. This was attributed to the effect of high temperature curing on hydration, 517 which would accelerate the early hydration, and slow down subsequent hydration. 518
In terms of the strength performance of the slag blends, at 20°C both slag blends 519 showed similar strength development, especially at later ages. Conversely, at 38°C 520 there was a clear difference in performance, with slag 1, the more basic of the 2 slags, 521 performing better than slag 2 at all ages. Although, the higher temperature increased 522 the reactivity of the slags, the effect was seen to be greater on slag 1 (the more 523 reactive slag). This was attributed to the chemical composition of slag 1 leading to a 524 lower activation energy. The strength performance of the blends tallied with the 525 predictions of the slag activity index and basicity index at 20°C and 38°C respectiv ely. 526
Increased degrees of hydration are known to reduce porosity. However, the results 527 have shown that the degree of hydration alone cannot explain porosity and transport 528
properties. Rather, temperature has been shown to have a great impact. For all the 529 samples studied, high temperature curing was seen to increase the degree of capillary 530 porosity and rate of water penetration. The effect of the high temperature curing was 531 more pronounced on the slag 2 blend. Regardless of the temperature and curing 532 duration, the slag 1 blend had lower porosities and exhibited better transport properties 533 than the slag 2 blend. This was attributed to the higher reactivity of slag 1. Prolonged 534 curing at 20°C led to significant improvements in the microstructure and transp ort 535
properties of the slag blends. However, this impact was seen to be greater for the slag 536 2 blend. 537
Although, it has been shown in previous studies that the reactivity of slag is greatly 538 influenced by the chemical composition of the slag, this study has further shown that 539 this influence is dependent on the hydration temperature. At the lower temperature of 540 20°C, difference in chemical composition of the slags did not seem to hav e any 541 significant impact on the strength and transport properties of the slag blends studied, 542 especially at the later ages; whereas it did at all ages, at the higher temperature of 543 38°C. This indicates that in hot climates, like the tropical regions, to achiev e good 544 performance, slag blends should be prepared from slags of higher basicity or higher 545 alumina contents. While both slags used in the study met with the requirements as 546 specified in BS EN 197-1:2011 [9] and BS EN 15167 [3] , and performed well at the 547 lower temperature, the results clearly showed that the compositional requirements are 548 more exacting at higher temperatures.
